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An part of & program to determline accurately the heste of combustion of sposialized

fuels in the kerosene range

geven hydroorrbons, hiphenyl, hievelohexyl, eyclohexylbenzene

s-hexylbenzene, ﬂ—hax}rlr::.rc&oherﬂ-ne. 1-cyclopentylheptane, snd n-dodecand were syntherize

ot putiflad from comeercial matesdal.

yaleal eongtanis wore deterindned o the purified

gamipled. These materlals may have wee na aecondary atandards for heat of combustion

mepsuratnantn.

1. Introduction

These syntheses and purifications are n part of the
pn;ject concernad primarily with hestz of combustion
and other properties of kerosene-like fuels. For
enrbain spemifie applications it 18 necessary not only
to know the hest of combustion of bulk lots of
material hut to have vory exact kmowledge of this
property for individual portions of the bulk immedi-
ately before use. Ae an aid to the precise deter-
mination of these heata of combustion, 1t was decided
to eynthesize a series of typical hydrocarbons.

Since the fuels of intersst ara either keropenes per
se or hydrocarbon mixtures boiling in_tha kernsene
range, it was decided that the materisls synthesized
should hiave nolecular weight encompassed by the
kerozene range end the hydrocarbom types repre-
sented sh be those present in spme or all com-
mercia! kerosenes. Since most kerosenss distill be-
tween 175 and 280 °C, it was decided that the most
characteristic hydrocarbons wauld be those contain-
ing 12 carbon atoms. Therefore, 7 hydroearbons of
different structures, but all eontaining 12 carbou
atoms, were selected for eynthesis and purification.
Threa classes of compounds conteining 12 carben
atorns typicsl of hydrocarbons found it kercsenes
wera not included, namely, dimethyldecaling, di-
meathyltetraling, and dimetbylnaphthalenes, as they
either boll above the kerosene range or are present
enly in small amounts,

2. Synthesis and Purification of the Hydro-
carbons

The hydrocarbons were, in genaral, synthesizad b
modificatione of techniques wused earlier [2, 3]2
these methods involved the synthesis of an appropriate
carbino], the dehydration of thiz carbinel to an
olefin or & mixture of olefins, and the catalyiic hydro-
genaticn of the olefins to paraffine,

“l Prégint wddreas: Mishigsn College of Miniog & Toehnolegy, IToughton,
1 Flanees In brackets imllcata the Uterstor mreanes sk (Br end of this pagper,

The liquid hydrocarbons wera pwrified by frac-
tional distillation, Two types of distillation sppara-
tus were used. One was B 6 {t by 1 in. column
described by Whitmora and Lux [¢] packed with
L %&s& helices. The head was a modification
of the Whitmore-Lux t¥pe designed by Howard [5].
Thesa columns had an afficiency of 25 to 30 theoretical

lates at atmospheric pressure and were used larzely
in the separation and porifieation of intermediatog,
The other column was a 3 ft by 25 mm Podbielniak
“Hali-grid” columm [6] having an efficiency of about
85 theoretical plates at atmospheric pressure, mnid
waz uzed for the final distillations. Both columns
ware equipped to operate at reduced pressures.

2.1. Purification of Biphenyl

Biphenyl, obtained by purchase® had & purity of
99 86 to 99.88 mole percent {I,BEL and was forther
purified by the single crystal techniqua of Horten
and Glasgow (8, 3.

The biphenyl was distilled inte the crystallization
tubn nnd sealed under ite own vapor pressure. The
tiube was then lowered slowly inte & bath containing
two immiscible liguids at different temperstures,
The upper liquid was & silicone oil heptad o 85 °C,
the lower liquid was ethylene glycol held at 45 °C.
The interface between these two lquids provided a
sharp, plane bnundar{ batween the two temparnturae
gones. As the samplo pessed from the warmer to
the eonler zone, the bipheny! slowly cryetallized
witl the imfpurit.ies concentrating in the liquid phase,
The rate of crystallization was X to 1% in. per da
with & total time of 10 to 25 days for a single erystal-
lization. The erystallization tuhes ware go desipned
that the small amount of residusl liqoer remaining
near the end of B crystallization could be removed
without sexposing the main sample to air. The
cryetal could then be melted and the process repeated,
Each eample was crystallized thres times.

The purity of these samples was determined by &
meodification of the freezing point method of Glaszow,

! Distllation Prodects Indoeiries, Rochaaler, Naw Yark.
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Streiff, and Rossini [10]. The {Ireezing poinis,
68.931 °C to 68951 °C, correspond to purities of
09.92 to 99 06 mole percent [7].

2.2, Purification of Cycloherylbenzens

Cyclohexylbenzena was obtained by purchese *
atd purified by fractional distillation at a pressure
of 60 yun Hg using the “Heligrid” colomn.  Frae-
tions of approximately 50 ml each were collacted
and the refractive indices determined. The m-
dividual fractions wers grouped inte cuts largely on
the basis of uniformity of refractive indices. The
data shown in figure 1 are typical of the three
distillations of cyelochexylbenzene. The physical

erties measured on euts E and F are given in
table 1. Cuts ¢ and D were sebseguently hydro-
genated to bicyclohexyl (see section 2.3.).

Other methods of purification were attermpted.
One was the slow, fractional melting of solidilied
eyclohexylbenzene and separation in & specially
designed hasket centrifuge [11]. The crystais were
placed in the basket of the centrifuge which was held

i Mﬁh}nmu, Cokopn & Bell Dilrldon, Tia Mathesim Co., Ine., Enst Rother-
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clohexylbenzens of 92 percent purity, when passed
cnce through an aluming ccluma, showed a 2.5 to
3.0 percent incrasse in purity of soma of the eluent
fractions, Material which hed heen previcusly
purified by fractionation and crystellization to a
purity of 98.65 percent was improved to 99.12 per-
cent in one pass and to $8.24 percent in 4 second pass.
These improvements, however, were accompanied by
B high loss of material. Attempte fo apil_}r ailies gel
chromatography to the purification of this material
proved completely unproductive.

2.3. Syuthesls and Punfication of Bicyclchexyl

Bicyclohexy! was prepared by catalytie bydro-
genation of aﬁect-ad fractiona from the distillations of
eyclohexylbenzene. The fractions used for hydro-
genation were those immediastely proceding the
materinl collected as purified cyclohexylbenzene.
The hydrogenation was carried cul using nickel-on-
kieselguhr catalyst ab 180 *C410 °C and sn initial
pressure of about 1856 Ib/in.®

The hydrogensted bydrocarbon was filtered to
remove the catalyst and percolated throngh siliea gel
prior to distillation. The material boiling at 145.5
to 150 °C at 58 mm Hg with refractive indicea at
20 *C of 1.4798 to 1.4707 {uneorr.) was collected as
bicyduhuﬂi The product was again percolated
throvgh silicn gel and certain physieal properties
were meaaured.

2.4, Syathesis and Purification of 1-Cyclopantyl-
heptones

The 1-cyclopentylheptane was prepared in two
ways. In the firat, 1-heptyl-l-eyelopentancl was
synthesized. Magnesium turnings, (53 g, 2.2 moles)
were coverad with ether and 296 g {2.2 moles) of
si-heptyl chloride in 500 ml of ether wis slowly added.
This was followed by the slow addition of 163 g
2 moles) of evelopentanone in 200 ml of ather,

fter the mixture had been stirred for 2 to 3 hr, it
was hydrolyzed and the ather retnoved in the usual
manner. The products from seversl runs were
combined and distilled at reduced pressure. How-
over, only &small amount of l-hepE;r -1cyelopentanol
{bp 01 to 92 °C at 3 mm Hg, n2 14604 [12)) was
m:ﬂntl}d+ This was due to the axtensive dehydration
that tnok place during distilation. The partially
dehydrated material was distilled rapidly at atings-
pherie sure to give & fraction boiling batween
218 and 220 *C'. Thiz material contained a con-
gidershle amount of the carbinol along with the
olefin regulting from the dehydration. An approxi-
mate estimate of the combined yield of thesa com-
pounds is 20 pereent. ‘The low yield is probably due
to the easze with which cvelopentanone tautomerizes
ta the enol form. The carbinol-olefin produet was
passed over alumina at 300 °C to complete the
dehydration.

o conduct the synthesia by another path, I-eyelo-
pontyl-1-heptanol was prepared {vom c:,rciopenwl-
magnesiom bromide and n-heptaldehyde in & similar
manner. The Grignard reagent was prepared b
reacting 328 g (2.2 moles) of cyclopentyl hromide

with 53.5 g (2.2 moles) of magnesium turnings in
600 m! of ether. To this was added 225 g (2
molas) of redigtilled n-heptaldehyde (bp 152 to
157 °C) in 270 ml of ether. The wauval procedure
of hydrolysis wn&hin% drying, and removal of the
ather was followed. The residues from 14 runms (28
molea of n-heptaldehyde) were combined and dis-
tilled in two ch in the glass-helix packed columa.
The major fractions were I-heptenol {bp 1024 to
113.4 *C gt 50 mm He, nf 1.4260 to 1.4242) 1300 g,
and l-c{[clqpant}rl-Lheptannl (bp 1868 to 170 °C at
60 rum Hg, nf 1.4606 to 1.4611) 1944 ¢. The redue-
ticn of n-hepieldehyde by the Grignard reagent to
l—h?lptanol accounts for 41 percent of the aldehyde
vaed. The yield of l-cyclopentyl-1-heptanol was 38
percent,

The l-cyelopentyl-1-heptanol was dehydrated by
paseage over alumina at 265 to 300 °C, Approxi-
mately 90 percent of the theoreticel quaniity of
watar was recovered. The crude olefin waa washed,
dried, and distilled in the glase-helix paeked colomn.
The material distilling batwesn 132 and 134 *C at
54 mm (ng 1.4585 to 1.4571), was collected as
the mixed I-cyclopentylbhepienss. The {ractions of
higher hoiling point and refractive index containing

undehydrated ecarbinol were recyeled through the
dehydration apparatuz. The overall vield was B4
percent.

The incomplately dehydrated material from the
reaction of n-heptylmapnesium chloride and eyelo-
pentanone was also dehydrated over alumine st 265
to 300 *C. The olefin mixture was hydrogenated
with nickel-on-kicselguhr catalyst at 130 °C and hy-
dropen pressure not exceeding 1200 lbjin* The
hytﬁ?:-%'ens,tmn proceadad smoothly up to a point of
pariial hydrogenation after which no more hydrogen
was absorbed. In order to comnplete the hydrogena-
tion it wa3 necessary to raise the temperature to
180 °C and the pressursto 20001b/in.? Thehydrogen-
ated product wae washed, dried, and percolated
through a sihica pel column,

. The l-cyclopentylheptane waz purified by [rac-
tionation on & 3-foot “Heli-grid” 5] column under
appmxinmtﬁl% 50 mm Hy prezsure.  The purifieation
was made difficult by & smell ameunt of an unidenti-
fied materal with a bolling point near that of the

roduct. This made it necess to redistill tha

art cuts of several distillations before obtaining n
sample of satisfactory purity. The final distillation
%ﬁ;’ﬂ material boiling 142.1 to 142.9 *C at 50 mm
2.5, Synthesis and Purification of ~-Hexylbenzene

_ Normal-hexylbenzene was prepared by a method
similar to that nsed in the synthesis of 1-crelopentyl-
heptane. Sufhcient n-hexylbenzene was prepered a0
that a pari of it could be [urther hydrogenated to
n-hexyleyclobexane. In & typical run a Grignard

¢t was prepared by the reaction of 415 g (2.75
mgolas) n-amy! bromide (bp 127 to 12% °C) in 300 ml
of ethar with 66.9 g (2.75 moles} of magnesitm turn-
ings. To this was slowly added 265 g (2.5 moles)
of benzaldehyde in 250 ml of ether. During the
course of the reaction, it was necessary to add ether
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to keep the resction fluid. After the sddition was
completae the reaction mixtore was refluxed for 2 hr,
gnd hydrolyzed with satwrated ammonium chloride
solution. The ather l&‘f'er was siphoned off and the

uecus layer extracted four times with ather. The
ether extracta were combined, dried, and the ether
removed by distillation.

The «rude products from [our Grignard reactiona
{9 moles of benzaldehyde) were combined and diatillad
under reduced pressure in the glass-helix packed
aolumn, The fractions boiling at 172 °C at 50 mm
Hg, ng 1.5064 to 15048 [13], were collacted as 1-
phenyl-1-hexanol. The yield was 1264 ¢ (7.1 moles)
which repregenta 79 percent yield on the basie of
benzaldehyde used ; a total of 4.5 k was prepared.

The 1-phenyl-1-hexanol was sucerssiully dehy-
drated over alumina at t-emdnemt-uras rahging from
270 to 315 °C. Since the dehydralion resulted in
some movement of the double bond te produce s
series of close-boiling olefing no attempt waa made to
isolate individual compounds. The crude olefin
mixture was separated from residusl carbingl com-
pounds by distillation under reduced pressure {10 to
20 mm Hg) vsing & short Vigreaux column. The
antire lot of mixed phenylhexenes was h}'dmgena.ted
over nickal-an-kiesal]%uhr eatalyst at 120 °C and
pressurea up t0 1600 Ihfin ® and the amount of hydro-
gen fed into the reactor was measured. Under these
conditions, the absorption of h n ceascd upon
ihe saturation of the olefinie double hond without
attacking the benzenoid nucleus. Distillation of the
n-hexylbenzens in the “Heli-grid"” colurnn under
reduced pressure gave several fractions boiling from
132 to 123 °C at 47 mm Hg, nf 1.4866 to 1.4867. A

ortion of thie material was reserved ae w-hexyl-

enzene nnd the balance along with selactad foreruns
wae further hydrogenated to n-hexyleyclohexans.

26. Bynthesis and Purdfication of »-Hexyleycle-
ne

Normal hexyleyclohexane was prepared by the
hydrogenation of #n-hexylbenzene (5} using nickel-on-
kipselgubr catalysi. The tamperature of the hydro-
genator wes raized to 180 to 190 °C and the peak
presaures were about 2100 lbfin*  The hydrc‘;ﬁaqnt-atl
product waa percolated through silice gel and distilled.

Distillation of the produet in the 3 ft “Heli-grid"’
eolumn under reduced pressyre gava two principal
cute: cut C (bp 144 to 147 °C at 65 mm Hg, n¥%
14471 to 1.4469), 367 mi; and cut D (bp 147 °C at

Taprw 2. PAysical properties of Aydrocarhens prepared

65 min Hg, ng 1 4465 to 1.4465), 707 ml. Both onts
were percolated through silica pel and their freezin

points determined. ut C gave a freszing point o
—47.5]1 °C and waz reserved ss “best” material,
Durt.1 % nnéns less pure with a freezing point of
—dJdl, -

2.7, Synthesis and Purfication of n-Dodecans

a-Dodecans was lfmpa.red by the hydrogenation of
the olefine obtained from the dehydration of lauryl
aleohol, Lauryl alechol (1-dodecansl) was dehy-
dratad by gassage over slumina at 350 to 375 90
with & yield for a single pass of ahout 80 percent.
The erganic liquid was washed, dried, and fraction-
uted through & short, heliv-packed, distilling colummn.
The material boiling from 210 to 215 *C was cellected
a3 mixed dodecenes; and the residue was recycled
through ths dehydration apparatus. The oversll
yiald of clefin based on dodecanol consumed was
about 33 percent.

The mixed dodecenes were hydrogenated with
nickel-on-krieselgubr catalyst at 140 °C and initial
hydrogen pressures of 1800 Ib/in? The n-dodocane
wasg freed from nickel und percolated through silica
ﬁel: The final uct was fractionated in the plass-

-packed celumn. The fractione boiling at 128
°C ot 50 mm, nf 14218 fo 1.4219 were collected
83 n~-dodacane.

3. Determination of Physical Properties

Fhysicel properties and purities wera determined
on the best samples of each h{dmc&rhnn, and the
values obiained are given in table 2,  Boiling points,
denaities, and refractive indices wera determined by
the procedures described by Mears et al. [3. The
conatant temger&ture apparatus was meintainad
within -+ 0.02 °C during the megsurement of density
and relractive indices,

The freezing points and purities were determined
where possible by the method of Glasgow, Streiff
and Rossini [M}. The freesing point curves obtaine
using the monaeyeclic hydrocarbons with long side
chains gave purity values which seamed incompatible
with estimates of purity based on other properties.
For this reason the estimates of purties of l-cyclo-
Eentylhept.a.ne, r-hexyleyclohoxane, and s-hexyl-

enzene were determined from vapor-phage chro-

matograma. In each eass only one peak was noted,

—

Baliling diidp pt Refroctive lnlax Tlenalty
Hydrocarbon Hrdrocarbon ¢lass Freazing point M mm — Furity
poloé at g mm Hg
Hig mt 0" FI LR a " gt 25°
7 g *Cima np np pimf rml [mede pareetd
Hipheg®l_ . ieeeeae..] BREyoelle promaldle ... +EE oS e ) E—— 3
choharplibanzene. .. ........ Maphthepic promstie ... +5 W H L2 . D625 1. fisid [ ek I X7t 0, {EATd PR
H R caee—mnmenan | P& At - +3 585 2304 L0665 1 a6 1. ATTGE , s . o9
DeATLERTIS, . . o Alkpluromabio, _ .- = —fi & T K1 1 #5618 [ L . :b-g
n-HervlerelohoXomg., ..uenen. BPhEHeTD, e e —i7. oL 4. TH QT2 1. 4488 L i . RS SR b
1-Crcopentylbapang. ........ Mephthege e —Bl & 23502 . 06l L 4433k 1. 4883 | KOl TR }h]
- R, . __ ntafim_ e -—BTL AT AG6T 1 281 141863 - gl TAGM 09, 52

w3 Ao poction @ of Loat.
Ehg Thess hrdroenrhiong were analyeed by vapor-phege chromatography.

In efch cod only e Pk Waa notad.
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it has been observed earlier in this laboratory that
the freezing gminta of long-chain normal hydro-
¢hrbonz, noiably n-hexadecans, are a poor criterion
of purity. This phenomenen has been studied in
the past; Broadhurat [14] has raviewed these studiss
and developed a eral gqualitative theory of =olid
phase behavior of normal paraffin hydrocarkons.

An ynusual behavior was alse sncountered in the
ease of the melting point of the n-hexylbenzena. A
number of melting poinfa were determined of the
same or similar samples, no two of which gave the
game value, The following sre value= on one frae-
tion: 1. one sample, —63.484% and —63.566 °C
thres days apart: 2. another ssmple, —63.502° and
—63.53% °C the same dﬂiy, one in the morning and
one in the afternoon. It is possible that a solid
phase transition takes place in the immediate vicinity
of freezing {melting) point.

The authors express their appreciation to the
following personz who ecarried oot various assign-
ments in this work: Donsld Adams, Roy L. Alex-
ander, Anthony Grimaldi, John McAuley, Angust
Kuehta, George 5. Buines, John VandeCastle, and
James A, W;ﬁner Thanks are alss dus Avery T.
Horton for the uee of hia crystallization apparatus
and instructions for carrying out this type of purifi-
cation, and to K. T, Leslie for preparing and
evoluating the vapor-phase chramatograms.
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